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In the nineteenth century Pierre–Jean–Marie Flourens (1825) and Ernst Mach described the
vestibular system and its peripheral organs while Robert Barany, rewarded by the Nobel prize in
1914, was the first to investigate vestibular disorders with caloric tests making surgical treatments
of the vestibular organ possible. Recently, Graf and Klam (2006) have reminded us that this ancient
sensory system appeared more than 500 million years ago. Logically its influence would most likely
not be restricted to balance reflexes at the brainstem level; it must have also shaped our brain. The
vestibular system is the one sensory organ dedicated to gravity perception, which along with light
and oxygen served as a motor of evolution. In the 1950s the groups of Otto–Joachim Grüsser in
Germany,Wilder Penfield in Canada, and later the group of Alain Berthoz in France, demonstrated
in elegant experiments on awake monkey (Guldin and Grüsser, 1998), epileptic patient (Penfield,
1957), and neurologically-normal human (Lobel et al., 1999) the existence of vestibular projections
to the cortex and how they combine with visual and proprioceptive information. An increasing
number of researchers, often fervent disciples, have built on these findings to produce a spate of
publications that have consolidated the evidence for a sense of verticality and three-dimensional
body representations within the vestibular cortical areas. In the 1990s Paul Smith and colleagues
examined vestibular processing in the hippocampus and its role in spatial memory. Exploring this
topic in the rodent (Smith, 1997), they began to elucidate the secrets and the previously silent
functions of the vestibular system. These findings led to increasing clarity about how vestibular
degeneration may be related to some aspects of dementia (Previc, 2013), psychiatric diseases
(Gurvich et al., 2013), and cognitive impairments in the elderly (Bigelow et al., 2015; Semenov
et al., 2015). The research by Marianne Dieterich and Thomas Brandt has examined the bilateral
organization of multiple multisensory cortical areas and revealed the vestibular dominance of
the non-dominant hemisphere (Dieterich et al., 2003). They addressed the following questions:
how is one global percept of motion and orientation in space formed, and does this dominance
determine the lateralization of brain function such as handedness (Brandt and Dieterich, 2015)? A
vestibular contribution to themost crucial aspects of the human sense of self and self-consciousness
has recently been highlighted by neurological and neuroscientific investigations: vestibular signals
contribute to the experience that the self is located within the boundaries of the body (Blanke et al.,
2004; Lopez et al., 2008) and may even be involved in self-other discrimination and interactions
(Lenggenhager and Lopez, 2015).
In this Frontiers in Integrative Neuroscience Research Topic initiated by Sidney Simon, twenty-
four articles highlight recent discoveries in the field of vestibular cognition, including: (1) Anatomy
of the vestibulo-cortical pathways; (2) Spatial navigation and memory; (3) Spatial cognition, bodily
and self-motion perception; (4) Vestibular stimulation and rehabilitation; (5) Posture and motor
control; (6) Vestibular disorders and compensation; and (7) Development of vestibular function.
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ANATOMY OF THE VESTIBULO-CORTICAL
PATHWAYS
A better understanding of the vestibulo-thalamo-cortical
pathways and cortical vestibular processing is needed to fully
understand the reciprocal interactions between vestibular
processing and cognition. Hitier et al. (2014) provide a
comprehensive review of the pathways running from the
vestibular apparatus to the cortex, with a focus on the vestibulo-
hippocampal pathways. Ventre-Dominey (2014) proposes that
two separate cortical vestibular subsystems underpin velocity and
inertia processing. A better definition of the vestibular cortex is
provided on the basis of clinical and neuroimaging investigations
in brain-damaged patients by Brandt et al. (2014), and on the
basis of electrophysiological investigations in epileptic patients
by Hewett and Bartolomei (2013).
SPATIAL NAVIGATION AND MEMORY
Yoder and Taube (2014) and Smith and Zheng (2013) offer
a recent overview of the vestibular contribution to spatial
learning and navigation through the head direction and place
cells and how vestibular information is integrated into higher
navigation centers. Jacob et al. (2014) provide a review and
original data relating to the role of the entorhinal cortex (EC)
in spatial memory. Despite the evidence that place cells in the
hippocampus are adversely affected by the loss of vestibular
function, there have been no data reported relating to grid cells
in the EC. Here the authors present evidence that inactivation
of the vestibular system in rats using tetrodotoxin injections
results in a decrease in power in velocity-related theta EEG
(5–12Hz) in the EC, suggesting a disruption of grid cell activity.
Cullen (2014) reviews the recent evidence that vestibular signals
that are transmitted to higher centers of the brain concerned
with spatial memory are in fact multi-modal and more complex
than previously thought. She discusses the implications of these
findings for the analysis of active and passive movements in
relation to spatial memory. Interestingly, Previc et al. (2014)
point out how vestibular degeneration may contribute to spatial
memory impairments and more generally raise the question of
the consequences of progressive sensory loss in the elderly.
SPATIAL COGNITION, BODILY, AND
SELF-MOTION PERCEPTION
On the basis of recent evidence that vestibular processing is
involved in changing the visuo-spatial perspective and in self-
other discrimination, Deroualle and Lopez (2014) propose a
vestibular contribution to several sensorimotor mechanisms that
are important for social cognition. Psychological investigations
have recently demonstrated how vestibular information may
play a role in spatial cognition like mental imagery, bodily
self-consciousness and self-motion perception, including its
influences on emotional aspects and mood as reported by Mast
et al. (2014), Pfeiffer et al. (2014), and Tremblay et al. (2013),
with an overview of the higher cognitive processes of self-
consciousness. Mast et al. (2014) also reports how vestibular
disorders and some psychiatric symptoms may be entangled,
completing the review of Gurvich et al. (2013).
VESTIBULAR STIMULATION AND
NEUROLOGICAL REHABILITATION
Caloric (CVS) and galvanic (GVS) vestibular stimulation
have long been used to stimulate the vestibular receptors
in neurologically normal participants and have been used to
improve recovery in stroke patients. Palla and Lenggenhager
(2014) review the importance of these methods for studying
cognition and Bottini et al. (2013) highlight the relevance of CVS
for studying somatosensory perception and bodily awareness.
Two clinical applications of CVS and GVS are proposed by
Wilkinson and colleagues. Wilkinson et al. (2013) present a
series of case reports on the effects of CVS on post-stroke
aphasia. They report that daily CVS for four consecutive weeks
was associated with a significant improvement in picture and
responsive naming, immediately and at a 1 week follow-up,
suggesting that CVS may reduce aphasic symptoms. The same
group (Wilkinson et al., 2014) also demonstrates that subliminal
GVS can improve hemispatial neglect in right hemisphere stroke
patients up to 1 month after the application of GVS, providing
evidence for long-term therapeutic effects of GVS. Mast et al.
(2014) also report beneficial effects of vestibular stimulation
on psychiatric disorders, expanding the field of the vestibular
sensory therapy.
POSTURE AND MOTOR CONTROL
Lacquaniti et al. (2013) review neuroimaging data that have
recently revealed the role of the temporo-parietal junction,
insula, and retroinsular cortex in estimating the consequences
of gravity for visual perception and motor preparation. In
an original research article, Ferrè et al. (2013) describe the
influence of GVS on the generation of motor sequences. They
show that right cathodal GVS increases the generation of novel
motor sequences. Bernard-Demanze et al. (2014) report original
research on static and dynamic postural stability in cochlear
implant (CI) patients. They demonstrate that, compared to
controls, the CI patients exhibit increased postural instability,
especially with the eyes closed, and that these deficits persist
during dual tasking with visual or auditory memory tasks.
VESTIBULAR DISORDERS AND
COMPENSATION
Lopez (2013) reviews the consequences of vestibular disorders
for bodily perceptions, the sense of self and self-consciousness.
Peripheral vestibular disorders may alter the perceived shape
and size of the body, alter the experience of owning the body
and evoke the experience that the self is strange, unreal and
disembodied. Tighilet et al. (2014) describe the consequences
of vestibular deafferentation for the cat histaminergic system
and show that plasticity of the histamine H3 receptors supports
vestibular compensation.
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DEVELOPMENT OF VESTIBULAR
FUNCTIONS
Wiener-Vacher et al. (2013) review the evidence for the
importance of vestibular information for hippocampal
representations of space and consider the implications of
this for the development of spatial navigation and orientation
in children, a subject which has been relatively neglected. They
hypothesize that the loss of vestibular function before critical
stages of development will lead to specific cognitive deficits in
humans. Jamon (2014) confirms the existence of critical periods
for the adaptation to gravity from rodent models exposed to
micro- and hyper-gravity environments and that vestibular
graviceptors are calibrated from gravity experience after
birth.
Future studies on the vestibular system will certainly continue
to bring new neurophysiological and neuropathological findings
as well as innovative concepts. Ideas are emerging on the
cerebral benefits of vestibular stimulation which might even
spread beyond the brain. For example, recent studies report that
the vestibular organ can influence bone and muscle remodeling
(Vignaux et al., 2015), help synchronize circadian rhythms (Fuller
et al., 2002; Martin et al., 2015), and regulate vegetative and
postural blood pressure (Normand et al., 1997; Yates et al., 2014).
The sky’s the limit for new ideas and developments in
vestibular therapy (both pharmacological molecules and physical
devices). One only has to consider the limited range of
pharmaceuticals now available for treating vertigo and motion
sickness to realize the great demand for new strategies. Such
ideas include a highly optimized GVS, a centrifuge creating g
levels for long-term space missions, GVS for modulating motor
hemi-neglect, vestibular compensation, and more generally
motor and balance disorders (Rizzo-Sierra et al., 2014; An, 2015),
as well as multisensory “virtual” rehabilitation suggested by
recent advances in immersive virtual environments.
This Frontiers in Integrative Neuroscience Research Topic has
given us the opportunity to gather and share the latest findings
on cognitive and memory processes related to the vestibular
system. Twenty-four articles and at least ninety-four authors,
whom we sincerely thank, have contributed to the success
of this Research Topic. They have convincingly demonstrated
the growing popularity of the vestibular sense organ in the
scientific community and pointed to promising topics of future
research!
FUNDING
A Part of the research’s leading these results has received
fundings from the Centre National d’Etude Spatiale (CNES),
The Basse-Normandie Region, The European Union’s Seventh
Framework Programme FP7/2007-2013, the People Programme
(Marie Curie Actions) of the European Union’s Seventh
Framework Programme (FP7/2007-2013) under REA grant
agreement number 333607 to CL (“BODILYSELF, vestibular
and multisensory investigations of bodily self-consciousness,”
The Marsden Fund (Royal Society of New Zealand), The
Health Research Council of New Zealand, The New Zealand
Neurological Foundation, German FederalMinistry of Education
and Research, and The Hertie-Foundation.
ACKNOWLEDGMENTS
The authors wish to thanks Judy Benson for copy-editing the
editorial.
REFERENCES
An, S. J. (2015). The effects of vestibular stimulation on a child with
hypotonic cerebral palsy. J. Phys. Ther. Sci. 27, 1279–1282. doi: 10.1589/jpts.
27.1279
Bernard-Demanze, L., Léonard, J., Dumitrescu, M., Meller, R., Magnan, J.,
and Lacour, M. (2014). Static and dynamic posture control in postlingual
cochlear implanted patients: effects of dual-tasking, visual and auditory
inputs suppression. Front. Integr. Neurosci. 7:111. doi: 10.3389/fnint.
2013.00111
Bigelow, R. T., Semenov, Y. R., Trevino, C., Ferrucci, L., Resnick, S. M., Simonsick,
E. M., et al. (2015). Association between visuospatial ability and vestibular
function in the baltimore longitudinal study of aging. J. Am. Geriatr. Soc. 63,
1837–1844. doi: 10.1111/jgs.13609
Blanke, O., Landis, T., Spinelli, L., and Seeck, M. (2004). Out-of-body
experience and autoscopy of neurological origin. Brain 127, 243–258. doi:
10.1093/brain/awh040
Bottini, G., Gandola, M., Sedda, A., and Ferrè, E. R. (2013). Caloric
vestibular stimulation: interaction between somatosensory system
and vestibular apparatus. Front. Integr. Neurosci. 7:66. doi: 10.3389/
fnint.2013.00066
Brandt, T., and Dieterich, M. (2015). Does the vestibular system determine the
lateralization of brain functions? J. Neurol. 262, 214–215. doi: 10.1007/s00415-
014-7548-8
Brandt, T., Strupp, M., and Dieterich, M. (2014). Towards a concept of
disorders of “higher vestibular function”. Front. Integr. Neurosci. 8:47. doi:
10.3389/fnint.2014.00047
Cullen, K. E. (2014). The neural encoding of self-generated and externally applied
movement: implications for the perception of self-motion and spatial memory.
Front. Integr. Neurosci. 7:108. doi: 10.3389/fnint.2013.00108
Deroualle, D., and Lopez, C. (2014). Toward a vestibular contribution to social
cognition. Front. Integr. Neurosci. 7:16. doi: 10.3389/fnint.2014.00016
Dieterich, M., Bense, S., Lutz, S., Drzezga, A., Stephan, T., Bartenstein, P.,
et al. (2003). Dominance for vestibular cortical function in the non-
dominant hemisphere. Cereb. Cortex 13, 994–1007. doi: 10.1093/cercor/
13.9.994
Ferrè, E. R., Arthur, K., and Haggard, P. (2013). Galvanic vestibular stimulation
increases novelty in free selection of manual actions. Front. Integr. Neurosci.
7:74. doi: 10.3389/fnint.2013.00074
Flourens, P. (1825). Expériences sur le Système Nerveux: Faisant Suite aux
Recherches Expérimentales sur les Propriétés et les Fonctions du Système Nerveux
Dans les Animaux Vertébrés Paris: Crevot.
Fuller, P. M., Jones, T. A., Jones, S. M., and Fuller, C. A. (2002). Neurovestibular
modulation of circadian and homeostatic regulation: vestibulohypothalamic
connection? Proc. Natl. Acad. Sci. U.S.A. 99, 15723–15728. doi:
10.1073/pnas.242251499
Graf, W., and Klam, F. (2006). Le système vestibulaire: anatomie fonctionnelle
et comparée, évolution et développement. C. R. Palevol. 5, 637–655. doi:
10.1016/j.crpv.2005.12.009
Guldin, W. O., and Grüsser, O. J. (1998). Is there a vestibular cortex? Trends
Neurosci. 21, 254–259. doi: 10.1016/S0166-2236(97)01211-3
Gurvich, C., Maller, J. J., Lithgow, B., Haghgooie, S., and Kulkarni, J. (2013).
Vestibular insights into cognition and psychiatry. Brain Res. 1537, 244–259. doi:
10.1016/j.brainres.2013.08.058
Frontiers in Integrative Neuroscience | www.frontiersin.org 3 November 2015 | Volume 9 | Article 55
Besnard et al. Vestibular cognition in mammals
Hewett, R., and Bartolomei, F. (2013). Epilepsy and the cortical vestibular system:
tales of dizziness and recent concepts. Front. Integr. Neurosci. 7:73. doi:
10.3389/fnint.2013.00073
Hitier, M., Besnard, S., and Smith, P. F. (2014). Vestibular pathways
involved in cognition. Front. Integr. Neurosci. 8:59. doi: 10.3389/fnint.
2014.00059
Jacob, P. Y., Poucet, B., Liberge, M., Save, E., and Sargolini, F. (2014). Vestibular
control of entorhinal cortex activity in spatial navigation. Front. Integr.
Neurosci. 8:38. doi: 10.3389/fnint.2014.00038
Jamon, M. (2014). The development of vestibular system and related
functions in mammals: impact of gravity. Front. Integr. Neurosci. 8:11.
doi: 10.3389/fnint.2014.00011
Lacquaniti, F., Bosco, G., Indovina, I., La Scaleia, B., Maffei, V., Moscatelli,
A., et al. (2013). Visual gravitational motion and the vestibular system
in humans. Front. Integr. Neurosci. 7:101. doi: 10.3389/fnint.2013.
00101
Lenggenhager, B., and Lopez, C. (2015). “Vestibular contributions to the sense
of body, self, and others,” in Open MIND, eds T. Metzinger and J. M. Windt
(Frankfurt am Main: MIND-Group), 1–38.
Lobel, E., Kleine, J. F., Leroy-Willig, A., Van de Moortele, P. F., Le Bihan, D.,
Grüsser, O. J., et al. (1999). Cortical areas activated by bilateral galvanic
vestibular stimulation. Ann. N. Y. Acad. Sci. 28, 313–323. doi: 10.1111/j.1749-
6632.1999.tb09194.x
Lopez, C. (2013). A neuroscientific account of how vestibular disorders
impair bodily self-consciousness. Front. Integr. Neurosci. 7:91. doi:
10.3389/fnint.2013.00091
Lopez, C., Halje, P., and Blanke, O. (2008). Body ownership and embodiment:
vestibular and multisensory mechanisms. Neurophysiol. Clin. 38, 149–161. doi:
10.1016/j.neucli.2007.12.006
Martin, T., Mauvieux, B., Bulla, J., Quarck, G., Davenne, D., Denise, P., et al.
(2015). Vestibular loss disrupts daily rhythm in rats. J. Appl. Physiol. (1985)
118, 310–318. doi: 10.1152/japplphysiol.00811.2014
Mast, F. W., Preuss, N., Hartmann, M., and Grabherr, L. (2014). Spatial cognition,
body representation and affective processes: the role of vestibular information
beyond ocular reflexes and control of posture. Front. Integr. Neurosci. 8:44. doi:
10.3389/fnint.2014.00044
Normand, H., Etard, O., and Denise, P. (1997). Otolithic and tonic neck receptors
control of limb blood flow in humans. J. Appl. Physiol. (1985) 82, 1734–1738.
Palla, A., and Lenggenhager, B. (2014). Ways to investigate vestibular
contributions to cognitive processes. Front. Integr. Neurosci. 7:40. doi:
10.3389/fnint.2014.00040
Penfield, W. (1957). Vestibular sensation and the cerebral cortex. Ann. Otol.
Rhinol. Laryngol. 66, 691–698.
Pfeiffer, C., Serino, A., and Blanke, O. (2014). The vestibular system: a spatial
reference for bodily self-consciousness. Front. Integr. Neurosci. 8:31. doi:
10.3389/fnint.2014.00031
Previc, F. H. (2013). Vestibular loss as a contributor to Alzheimer’s disease. Med.
Hypotheses 80, 360–367. doi: 10.1016/j.mehy.2012.12.023
Previc, F. H., Krueger, W. W., Ross, R. A., Roman, M. A., and Siegel,
G. (2014). The relationship between vestibular function and topographical
memory in older adults. Front. Integr. Neurosci. 8:46. doi: 10.3389/
fnint.2014.00046
Rizzo-Sierra, C. V., Gonzalez-Castaño, A., and Leon-Sarmiento, F. E. (2014).
Galvanic vestibular stimulation: a novel modulatory countermeasure for
vestibular-associated movement disorders. Arq. Neuropsiquiatr. 72, 72–77. doi:
10.1590/0004-282X20130182
Semenov, Y. R., Bigelow, R. T., Xue, Q. L., Lac, S. D., and Agrawal, Y. (2015).
Association between vestibular and cognitive function in U.S. adults: data from
the National Health and Nutrition Examination Survey. J. Gerontol. A Biol. Sci.
Med. Sci. doi: 10.1093/gerona/glv069. [Epub ahead of print].
Smith, P. F. (1997). Vestibular-hippocampal interactions. Hippocampus 7,
465–471.
Smith, P. F., and Zheng, Y. (2013). From ear to uncertainty: vestibular
contributions to cognitive function. Front. Integr. Neurosci. 7:84. doi:
10.3389/fnint.2013.00084
Tighilet, B., Mourre, C., and Lacour, M. (2014). Plasticity of the histamine H3
receptors after acute vestibular lesion in the adult cat. Front. Integr. Neurosci.
7:87. doi: 10.3389/fnint.2013.00087
Tremblay, L., Kennedy, A., Paleressompoulle, D., Borel, L., Mouchnino, L.,
and Blouin, J. (2013). Biases in the perception of self-motion during
whole-body acceleration and deceleration. Front. Integr. Neurosci. 7:90. doi:
10.3389/fnint.2013.00090
Ventre-Dominey, J. (2014). Vestibular function in the temporal and parietal
cortex: distinct velocity and inertial processing pathways. Front. Integr.
Neurosci. 8:53. doi: 10.3389/fnint.2014.00053
Vignaux, G., Besnard, S., Denise, P., and Elefteriou, F. (2015). The Vestibular
System: a newly identified regulator of bone homeostasis acting through
the sympathetic nervous system. Curr. Osteoporos. Rep. 13, 198–205. doi:
10.1007/s11914-015-0271-2
Wiener-Vacher, S. R., Hamilton, D. A., and Wiener, S. I. (2013). Vestibular activity
and cognitive development in children: perspectives. Front. Integr. Neurosci.
7:92. doi: 10.3389/fnint.2013.00092
Wilkinson, D., Morris, R., Milberg, W., and Sakel, M. (2013). Caloric
vestibular stimulation in aphasic syndrome. Front. Integr. Neurosci. 7:92. doi:
10.3389/fnint.2013.00099
Wilkinson, D., Zubko, O., Sakel, M., Coulton, S., Higgins, T., and Pullicino, P.
(2014). Galvanic vestibular stimulation in hemi-spatial neglect. Front. Integr.
Neurosci. 7:4. doi: 10.3389/fnint.2014.00004
Yates, B. J., Bolton, P. S., and Macefield, V. G. (2014). Vestibulo-sympathetic
responses. Compr. Physiol. 4, 851–887. doi: 10.1002/cphy.c130041
Yoder, R. M., and Taube, J. S. (2014). The vestibular contribution to the
head direction signal and navigation. Front. Integr. Neurosci. 8:32. doi:
10.3389/fnint.2014.00032
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Besnard, Lopez, Brandt, Denise and Smith. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Integrative Neuroscience | www.frontiersin.org 4 November 2015 | Volume 9 | Article 55
